ABSTRACT
Introduction
Salinity stress is one of the major abiotic factors limiting plant growth and productivity (55) . Usually, plant responses to salt stress are associated with generation of reactive oxygen species (RoS) (2, 12, 31, 34, 35, 41) . however, redundant RoS cause membranes damage, ion and water leakage, and protein turnover in plant cells (6) . to alleviate this damage initiated by RoS, plants can modulate the amounts of antioxidases such as superoxide dismutase (SoD; ec 1.15.1.1), catalase (cAt; ec 1.11.1.6), ascorbate peroxidase (APX; ec 1.11.1.11) and peroxidase (PoD; ec 1.11.1.7) (8, 15, 16, 22, 38) . therefore, increased activities of antioxidant enzymes provide better stress tolerance for plants (4) . thus, the activities of these enzymes may be used as physiological indices to assess the salt tolerance of plants (19) . Although many studies have been performed to characterize plant responses to salinity stress, limited information is available on the effect of salinity stress on polyploid plants.
Polyploidy has occurred throughout the evolutionary history of all eukaryotes and is extremely common in plants (17) . Polyploid plants are usually considered to be superior to diploid with respect to genetic adaptability and tolerance to environmental stress such as drought, heat, cold and salt (7, 13, 14, 24, 25, 42, 52, 54) . For instance, the superiority of tetraploid and hexaploid cenchru species over the diploid species is evident (9) . the hexaploid and tetraploid wheat were salt-tolerant compared with their corresponding diploids (5) . in addition, tetraploid Zingiber officinale showed higher heat and cold resistance than their diploid genotypes (42) , and tetraploid chinese cabbages showed higher heat resistance than their relative diploids (26) . therefore, polyploidy is believed to be a pervasive force for improvement of environmental stress tolerance in plants (1, 23, 44) . Although the responses to salinity stress have been investigated in many plants, the physiological mechanisms involved in stress tolerance for polyploid plants have not been clarified.
tetraploid black locust (Robinia pseudoacacia l. [2n = 4X = 40]), a leguminous deciduous tree, not only is a promising species for reforestation due to its fast growth, but also can be used as fine feed for domestic fowl and livestock for its fleshy leaves rich in vitamins and minerals (20, 21, 39, 50) . importantly, tetraploid black locust possesses higher salinity tolerance than its diploid relative. to our knowledge, little is known about the implications of ploidy levels on the response of antioxidant systems under salt stress in black locust.
in this study, we employed diploid and tetraploid black locust plants to analyze the effects of salt stress on the activities of antioxidant enzymes. We exposed two plant species to saline and non-saline conditions, and compared their salt ionic responses and concentrations of MDA, o 2
• − and h 2 o 2 in the leaves. the activities of the antioxidant enzymes were simultaneously measured.
Materials and Methods
Plant materials and growth conditions one year old plants of diploid and tetraploid black locust (Robinia pseudoacacia l.) were grown in a greenhouse at 24/20 °c night/day, 16/8 h light/dark and 60 % humidity. 
TETRAPLOID BLACK LOCUST (ROBINIA PSEUDOACACIA L.) INCREASED SALT TOLERANCE BY ACTIVATION OF THE ANTIOXIDANT SYSTEM

Determination of Cl
-and Na + concentrations in leaves the leaves were oven-dried (65 °c for 4 days) and ground to pass a 1 mm sieve for mineral analysis. na + and cl -concentrations were measured by an atomic absorption spectrophotomer and silver titration, respectively (10) .
Determination of MDA concentration in leaves oxidative damage to lipids was estimated by measuring the concentration of malondialdehyde (MDA) in the leaves. the measurement of MDA concentration used the method of Patterson and MacRae (37) . leaves (0.3 g) were ground in 10 % trichloroacetic acid (tcA). the homogenate was centrifuged at 10,000×g for 15 min and 0.5 ml of the supernatant fraction was mixed with 2 ml of 0.5 % 2-thiovarbituric acid (tBA) in 20 % tcA. the mixture was heated at 95 °c for 20 min. Absorbance was recorded at 532 nm and at 600 nm.
Determination of the rate of O 2
•− generation in leaves the rate of o 2
•− generation was determined following the procedure of Shi and Zhu (43) . Fresh leaves (0.5 g) were ground in 50 mmol·l -1 sodium phosphate buffer (ph 7.0) and mixed with 1 ml of 65 mmol·l -1 phosphate buffer solution (ph 7.8) and 1 ml of 10 mmol·l -1 hydroxylammonium chloride. the reaction was kept at 25 °c for 25 min, then centrifuged at 10,000×g for 20 min. Five hundred microliters of the supernatant were mixed with 1 ml of 17 mmol·l 
DW)
Days after treatment acetone by resuspension, drained, and dissolved in 5 ml of 2 mol·l -1 h 2 So 4 . the absorbance of the solution was measured at 410 nm. The absorbance was quantified using a standard curve generated from known h 2 o 2 concentrations.
Determination of activities of antioxidant enzymes in leaves
SoD activity measurement followed the method of Stewart and Bewley (45) . PoD activity was measured according to the method of nickel and cunningham (33) . cAt activity was assayed by using the method of Patra and Mishre (36) . the assay of APX activity was carried out using the method of nakano and Asada (32) .
Assays of isoenzymes of SOD, CAT, POD and APX in the leaves the isoenzymes of SoD, cAt, PoD and APX were separated in discontinuous polyacrylamide gels (PAGe) under nondenaturing conditions. the stacking and separating gels contained 4.5 % and 10 % polyacrylamide, respectively. Proteins were electrophoresed at 4 °c and 80 V in the stacking gel, followed by 120 V in the separating gel.
the detection of SoD isoenzyme followed the method of Beauchamp and Fridovich (15 the separation of cAt isoenzymes was based on the method of thorup et al. (48) . After electrophoresis, the gels were soaked in 0.5 % soluble starch at 4 °c for 1.5 h, soaked in 0.5 % h 2 o 2 for 1 min at room temperature, and rinsed in distilled water and incubated in solution containing potassium iodide at a weight fraction of 0.5 % with glacial acetic acid at a volume fraction of 1 %. Bands of cAt isoenzymes were observed as negative bands on the blue background of the gel.
PoD isoenzymes were determined by the procedure of Wang et al. (49) . the coloration solution contained acetic acid at a volume fraction of 18 % and 3 % h 2 o 2 . the gels were incubated in the coloration solution containing 4 ml of 18 % acetic acid and 1.6 ml of 3 % h 2 o 2 .
APX isoenzyme was detected by the method of Mittler and Zilinskas (29) . the gels were pre-run for 30 min in the carrier buffer containing 2 mmol·l -1 ascorbate to allow the ascorbate into the gel matrix. immediately after electrophoresis, the gels were soaked in the 50 mmol·l 
Statistical analysis
All data are means of three duplicate treatments and each treatment contained 15 plants. The significant differences between results were statistically evaluated by standard deviation and separated by Student's t-test method at an 0.05 probability level. All figures were plotted using GraphPad Prism software (Version 5.03).
Results and Discussion
Effect of salt treatment on Na + and Cl -concentrations in leaves in leaves under non-saline conditions, the diploids contained 0. (Fig. 1) . After salt treatment, the cl -and na + concentrations in the diploids exhibited a significant increasing trend (Fig. 1) . in contrast, the na + and cl -concentrations in the tetraploids remained at the control values during the 7 days of salt treatment (Fig. 1) .
Effect of salt treatment on MDA concentration in leaves in the leaves of the diploids, the MDA concentration gradually increased after exposure to salt stress for 1 d, 3 d, 5 d and 7 d (Fig. 2A) . however, under salt stress, the MDA concentration in the tetraploids was only slightly higher than that in the control plants, and lower than that in the diploids (Fig. 2A) .
Effect of salt treatment on rate of O 2
• − generation and H 2 O 2 concentration in leaves the rate of o 2 · -generation and the h 2 o 2 concentration in the leaves of the diploids showed an increasing trend under salt stress (Fig. 2B, C) . in contrast, o 2 ·-and h 2 o 2 in tetraploids remained at the control levels during the 7 days of salt treatment (Fig. 2B, C) .
Effect of salt treatment on activities and isoenzymes of antioxidant enzymes in leaves
PAGe analysis showed two SoD isoenzymes (SoD i and SoD ii) in the control leaves of diploids and tetraploids, SoD ii was more prominent than SoD i (Fig. 3) . in the leaves of the diploids, the total SoD activities were strongly reduced at 3 d of salt stress, especially at 5 d and 7 d (Fig. 3) . in the tetraploids, there were no obvious inhibitory effects of salt stress on the total SoD activities during 7 d, furthermore, one more SoD isoenzyme (SoD iii) was induced at 5 d and 7 d of salt treatment (Fig. 3) .
The pattern of CAT activity differed significantly between the diploids and tetraploids, although four cAt isoenzymes were detected in the leaves of two controls (Fig. 4) . in the diploids, the total CAT activities were significantly decreased, cAt ii, cAt iii, and cAt iV were observed as faint or undetectable bands at 3 d, 5 d, and 7 d of salt treatment (Fig. 4) . Unlike those in the diploids, the total cAt activities of the tetraploids were significantly higher than those of the controls after salt treatment, and peaked at 7 d (Fig. 4) . oacacia and tetraploid R. pseudoacacia denote diploid and tetraploid R. pseudoacacia of salt treatment, respectively. An asterisk notes a significant difference at P < 0.05 between control (■) and salt stress treatment (□) of diploids and tetraploids, ctively.
Fig. 2. effects of salt stress on MDA concentration (A), o 2
•− generation rate (B), and h 2 o 2 concentration (C) in the leaves of diploid and tetraploid R. pseudoacacia after 1 d, 3 d, 5 d, and 7 d treatments. each value represents the mean ± Se from three duplicate experiments. control-D and control-t denote diploid and tetraploid R. pseudoacacia of no salt treatment, respectively. Diploid R. pseudoacacia and tetraploid R. pseudoacacia denote diploid and tetraploid R. pseudoacacia of salt treatment, respectively. An asterisk ( * ) denotes a significant difference at P < 0.05 between control (■) and salt stress treatment (□) of diploids and tetraploids, respectively. three and four PoD isoenzymes were detected in the controls of the diploids and tetraploids, respectively (Fig. 5) . the salt treatment inhibited the total PoD activities in the diploids and tetraploids as a result of decreases in the activities of all isoenzymes, but the PoD activities decreased later in the tetraploids than in the diploids (day 5 versus day 3) (Fig. 5) . in the diploids, PoD i and PoD iii were undetectable or faint at 3 d, 5 d, and 7 d of salt treatment (Fig. 5) . in the tetraploids, PoD i, PoD ii, and PoD iV isoenzymes were also notably inhibited after salt treatment (Fig. 5) .
the analysis of APX by PAGe revealed two isoforms (APX i and APX ii) in the controls of the diploids and tetraploids (Fig. 6) . in the diploids, the total APX activities were significantly inhibited after salt treatment, and APX II was undetected at 5 d and 7 d relative to the control plants (Fig. 6A) . Unlike those in the diploids, the total APX activities in the leaves of the tetraploids gradually increased as salt treatment time increased, and peaked at 7 d (Fig. 6) .
Final remarks in a recent study, we observed that tetraploid black locust plants are more tolerant to salt stress than their relative diploids, as evidenced by some symptoms of chlorosis in two species when subjected to the same salt stress (500 mmol·l -1 ) (27) . these results are in general agreement with those from earlier studies on the effects of ploidy levels on salt stress relations (28) . For example, the hexaploid winter wheat T. macha and the tetraploid wheat T. timopheevii were shown to be promising donors for salt tolerant traits in future breeding efforts for salinity tolerance in wheat (5) . in Acanthophyllum, plants at higher ploidy levels showed a better protection mechanism against salinity induced oxidative damage than plants at lower ploidy levels (28) . in fact, higher salinity tolerance in polyploid plants may be an important characteristic that allows polyploids to be tolerant to a higher salinity environment. thus, tetraploid plants are likely to display stronger tolerance to salt stress than diploids.
Salt stress can induce the redundant accumulation of RoS, which causes membrane peroxidation and cellular membrane damage (55) . therefore, RoS and membrane stability can be used as physiological indices to assess the salt injury of plants. in this study, during a salinity stress period, the MDA content increased and showed positive correlations with the concentrations of o 2 ·-(MDA: P < 0.05/P < 0.05, 2x/4x) and h 2 o 2 (MDA: P < 0.05/P < 0.05, 2x/4x). thus, the elevated MDA indicates that plasmalemma damage is induced by RoS. this result is consistent with some previous studies (53, 54) . in our study, two black locust species showed different changes in the concentrations of MDA, o 2 ·-and h 2 o 2 , which demonstrated that they had different tolerance to salt stress. Under non-saline conditions, the MDA, o 2 ·-and h 2 o 2 levels were not significantly different between the two species. however, under salt stress, MDA, o 2 ·-and h 2 o 2 in the diploid plants remained at higher values than those in the tetraploids. these results indicated that the diploid plants suffered stronger membrane damage than the tetraploids under salt stress, demonstrating that tetraploid plants have higher resistance to salt stress than diploids.
overproduction of RoS can lead to reduction in plant growth and productivity. Fortunately, plants have evolved an enzymatic antioxidant system such as superoxide dismutase (SoD), catalase (cAt), peroxidase (PoD), and ascorbate peroxidase (APX) to scavenge the redundant RoS in plant cells (3, 18) . our results showed that under salt stress the activities of SoD, cAt, and APX in the diploids significantly decreased, but the activities of these enzymes in the tetraploids showed a progressively increasing trend, suggesting that the tetraploids have a relatively stronger ability to maintain the activities of antioxidant enzymes. these results are consistent with previous studies on other plants (47, 54) . thus, our results indicate that tetraploid black locust plants display a stronger tolerance to salt stress than the diploid ones.
In addition, there are some specific characteristics such as thicker mesophyll tissues, thicker upper and lower epidermis, higher photosynthetic efficiency, and up-regulated gene expression, which enable polyploid plants to display higher environmental stress tolerance than their diploid relatives (30, 46, 51) . For example, li et al. (24) attributed drought resistance in tetraploid L. japonica to the improvement of structure and photosynthesis-related traits. Some candidate genes in tetraploid citrus seedlings are up-regulated. Despite the general importance and increased interest in understanding the mechanisms of polyploids to environmental stress (11, 50) , little is known about the molecular basis of adaptability for polyploid plants. in our study, the tetraploids had higher activities of SoD, cAt, and APX than those of the diploids under no salt stress. We speculate that the changes might be driven by expression of a series of genes.
Conclusions
our results suggest that tetraploid R. pseudoacacia plants show a stronger tolerance to salinity stress than diploids. the enhanced activation of antioxidant enzymes might be responsible for the higher stress resistance in the tetraploids. however, we have to point out that further studies are necessary to understand the higher tolerance observed in polyploid plants and the molecular mechanism of the associated changes.
